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Abstract 
In some CVD processes the precursor is introduced into the reactor as vapor obtained by sublimation from particles of solid 
source forming packed bed in a column, where through a carrier gas passes. A typical example is the deposition of metal or 
metal oxide using its carbonyl compound. The study evaluates by mathematical modeling the effect of particle size 
reduction due to sublimation on the composition of the gas phase entering the reactor. A set of differential equations 
describing the convective solid to gas mass transfer process in the column is formulated. Equations for precursor 
equilibrium partial pressure, mass transfer coefficient, diffusivity and axial dispersion coefficient found from literature are 
added and the model is solved numerically by the method of finite differences. On the example of W(CO)6 the influence of 
the carrier gas flow rate, temperature and CVD duration on the change of the precursor concentration is revealed. The 
calculated alterations are significant and may spoil the running experiments. As to prevent this problem three approaches 
are suggested allowing the maintenance of the reactor inlet precursor concentration in reasonable limits: (i) to use a 
sufficiently high initial bed for saturation of the carrier gas during the entire particular experiment; (ii) to increase step-by-
step in time the bed temperature; (iii) to increase step-by-step in time the carrier gas velocity in the column on the account 
of its stream by-passing the column. In all three approaches the model allows to calculate the necessary factors, i.e. the 
sufficient bed height, the temperature and velocity increment in time. Some numerical experiments employing the 
suggested approaches with approximately constant precursor concentrations are illustrated. Approaches how to proceed 
when multicomponent coating is to be deposited are discussed. The main conclusion is that the CVD processes should be 
carefully prepared accounting for a possible unsteadiness and the concentration of the precursor at the reactor inlet should 
be monitored. 
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1. Introduction 
Chemical vapor deposition of thin metals or metal oxides layers using sublimation of a solid source has 
found wide application. One of the main areas has been the effective solar energy utilization (Gesheva and 
Chain, 2007). The high requirements on the properties of the films suppose an exact control of the process 
parameters (precursor concentration, volumetric flow rate of the gas mixture, reactor temperature, etc.). To this 
end in a previous work (Peev and Tsibranska, 2004) we investigated the effect of the decreasing precursor 
particles size due to precursor sublimation in the carrier gas, when the latter is passing through a column with a 
packed bed of these particles, Fig.1. Applying mathematical modeling it was established that a concentration 
unsteadiness was possible to take place and several approaches were suggested how to avoid it. The analysis 
was performed on the example of tungsten carbonyl, W(CO)6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Sublimation column with a solid bed precursor and a CVD reactor. 
 
 
Investigations, carried out during the last decades have shown that metal or oxides layers of two or several 
compounds (Mo/W, Cr/W, Cr/W/Mo for example) can display better targeted properties compared to the 
respective monocomponent coatings (Ivanova and Gesheva, 2007, Ivanova et al., 2007). 
The aim of the present report is to discuss the possibilities of modelling (Peev and Tsibranska, 2004) to 
suggest approaches how to maintain a constant composition of the gas mixture entering the CVD reactor or to 
alter correctly the components ratios when vapors of several solid precursors are needed.  
Carrier gas + precursor 
1 
Carrier gas
2 
carrier gas+reactant
Sublimation 
column 
CVD reactor Substrate 
Carrier gas 
 Georgi Peev and Irene Tsibranska /  Physics Procedia  46 ( 2013 )  183 – 192 185
2. Model description 
2.1 General relationships 
An one-dimensional model is used for a packed bed of spherical particles (Peev and Tsibranska, 2004), the 
change of pellets mass being expressed by the external mass transfer flux between the solid surface and the gas 
phase with a variable mass transfer coefficient kf [m/s]: 
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where R(t) is the radius of the pellet. The concentration at the solid-gas interface is supposed equal to the 
equilibrium one for a given partial pressure P and temperature T: C(R0)=C0 =PMA/(RT).  
The mass balance in the column accounts for the convective transfer with a constant average velocity V[m/s], 
the axial dispersion and the solid-gas mass transfer with variable rate coefficients Dax [m2/s] and kf [m/s], 
dependent on the pellet size 2R(t):  
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During bed shrinking the void between solid particles (ε) remains constant, which is a reasonable assumption 
also for irregular bed packing (Atmakidis and Kenig, 2012).  
The appropriate initial and boundary conditions are:  
− for t=0 at each length the gas-phase concentration is C=0 and the precursor concentration at the interface 
equals the equilibrium one C(R0)=C0;  
− for t>0 the boundary condition at the column inlet z=0 is given as:  
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− at the column exit  z=L no concentration gradient is assumed:  
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The set of equations (1) to (4) is solved numerically by a finite difference technique with a fixed time step 
(ǻt=1; 10; 60s), as well as fixed axial step (ǻz/L=0.01; 0.05). The latter corresponds to variable axial intervals, 
according to the bed length evolution L(t). Simulations with real data are performed with ǻt=10s and ǻz=0.05L. 
At each time the solution is checked by the equality of the two integrals: 
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which evaluate the sublimated mass per unit of bed cross section [kg/m2] for a constant bed voidage ε=0.4 and 
solid phase density ρs [kg/m3].  
2.2 Equations for the model parameters 
2.2.1 PARTIAL PRESSURE,
 
p 
The vapour pressure of W(CO)6 is calculated according to the correlations, presented in Table 1. The relation 
between the partial pressure and the mass concentration gives for T=373 K and P =1851 N/m2 C0§0.2 kg/m3.  
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Table 1 Vapor pressure vs temperature correlations for metal carbonyls precursors 
Precursor/Ref Temp. °C Equation, (P, mm Hg, T, °K) 
log(P)=11,184-3561,3/T 
log(P)=11,7274-3788,2/T 
log(P)=11,406-3643/T 
Mo(CO)6 
Hieber and Romberg, 1935; 
Chelappa and Chandra, 2005; Lander 
and Germer, 1947 
170-245 
log(P)=11,795-3800/T 
0-100 log(P)=10,63-3285/T 
42,8-137,5 log(P)=11,832-3755,2/T 
46,1-138,4 log(P)=11,475-3622,9/T 
1-37,7 log(P)=11,750-3737,7/T 
27,8-42,5 log(P)=12,6-42,5/T 
50-140 log(P)=11,34-3576/T 
36-151 log(P)=7,8812-[391,743/(T+6,153)] 
 
log(P)=12.75−3285/T 
 
 
Cr(CO)6 
Hieber and Romberg, 1935; 
Chelappa and Chandra, 2005; Sousa 
et al., 2011; 
Candra et al., 2005.
 
 
40-110 TP /)68(3434)25.0(628.9)log( ±−±= , P(kPa) 
log(P)=11,523-3872/T 
log(P)=10,947-3640,4/T 
log(P)=12,094-4077/T 
60-160 
log(P)=11,538-3886/T 
W(CO)6 
Chelappa and Chandra, 2005; 
Candra et al., 2005; 
Chiu et al., 2000; 
Thomas et al., 1994; 
Yous et al., 1985 -10 - 20 TP /)31(4060)11.0(096.11)log( ±−±= , P(kPa) 
150-270 log(P)= 15,667 – 5659/T  Os3(CO)12 
Chelappa and Chandra, 2005; 
Candra et al., 2005.
 
70-125 TP /)20(71010)05.0(003.15)log( ±−±= , P(kPa) 
32-90 ln(P/P0)= A - B/T ,    (P0= 101.325 kPa) 
32-67 A= 22,6 ± 0,8 B= 11490 ± 280 
50–90 A=22.5 ± 0.6 B=11250 ± 200 
78–136 17,9 9550 
90–181 17,6 9326 
33–152 11,7 7169 
78-135,5 10,68 4152 
 
Re2(CO)10 
Chelappa and Chandra, 2005; 
Gelfond et al., 2011 
 
90-181 10,53 4054,6 
Re(CO)3(C5H5),  
Gelfond et al., 2011 
50–109 20.9 ± 0.3 10250 ± 120 
Rh6(CO)16 
Candra et al., 2005; 
49-90 TP /)22(5467)063.0(6149.11)log( ±−±=  
TP /)45(5494)087.0(1096.12)log( ±−±= , P(kPa) 
Ru3(CO)12  
Candra et al., 2005; 
 
TP /)45(5392)03.0(519.12)log( ±−±= , P(kPa) 
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2.2.2 MASS TRANSFER COEFFICIENT, kf 
The values of kf  are calculated according to known correlations for gas-solid mass transfer in fixed bed: 
- the correlation of Chilton and Colburn (Sherwood et al.,1975), 
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valid for 10<Re<2500, where 3/2Sc
p
p
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- Sh=2+0.552Re0.53 Sc0.33,  for 1<Re<48000,  (Sherwood et al.,1975)    (6) 
- Sh=2 +1.1Re0.6 Sc1/3, for 3<Re<3000 and 0.5<Sc<10000,  (Wakao et al., 1978)  (7) 
The physical properties are calculated for the corresponding temperature of the carrier gas. For the coefficient 
of molecular diffusion the theoretical formula for a bi-component gas mixture was used (Sherwood et al.,1975): 
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as well as the relation, based on the Sc number (Sherwood et al.,1975): 
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where data for the Lennard-Jones constant and the collision integral were taken from literature (Sherwood et 
al.,1975) for the carrier gas (ex. N2, Ar) and substances with similar to W(CO)6 properties: 
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A value of DAB=0.97·10-6 m2/s was obtained, resp. Sc=1.7, which is in the expected range for gas mixtures 
and the respective temperature. An additional numerical analysis in the reasonable limits of variation of DAB 
(1.10-5÷1.10-6) was also performed.  
2.2.3 AXIAL DISPERSION COEFFICIENT, Dax 
The axial dispersion coefficient was calculated according to the equation: 
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for 0.008<Re<50; 0.377<2R<0.6mm, (Edwards and Richardson, 1968).   
In the range of experimental conditions the axial dispersion is not expected to influence the concentration 
profile, the initial values of the Peclet numbers (Dax/V.L ) being usually Pe>>1. However, when a particle size 
evolution is considered during a sufficiently long time for an essential bed shrinking to be observed, the Pe 
values may change considerably during the calculations. 
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3. Numerical results and discussion 
3.1 RESULTS FOR ONE COMPONENT LAYER DEPOSITION  
Data for W(CO)6 were used in a column of 12cm length and 4.5 cm I.D., the initial size of the solid particles 
being 2R=600ȝm. The range of velocities and temperatures was consistent with practice and enlarged for the 
check of the numerical solution: 
− superficial gas velocities (0.001 – 0.4m/s), range of practical interest V0.15 m/s;  
− temperatures 47÷100°C, range of practical interest T= 50÷90°C. 
Information how the model has been checked for accuracy and numerical results about the influence of 
carrier gas velocity and temperature on the bed exhaustion and precursor concentration at the column exit 
during the deposition process can be found elsewhere (Peev and Tsibranska, 2004). For illustration the changes 
of dimensionless concentration, C/C0, with the carrier gas velocity at deposition time 2 hours are shown in Figs. 
2a, b. This duration is representative for production of tungsten based solar selective absorbers (Thomas et al., 
1994). 
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Fig.2a Effect of gas flow rate on the precursor outlet 
concentration after 2h: dimensionless concentration vs gas 
velocity for different partial pressures (temperatures)  
Fig.2b Effect of the gas flow rate on the precursor outlet 
concentration after 2h: dimensionless concentration vs gas 
velocity at 100°C for different particle size. 
 
As to avoid the illustrated unsteadiness, which may harm the experiments, the following approaches have 
been tested numerically: 
− To use a sufficiently high initial bed for saturation of the carrier gas during the entire experiment; 
Examples are given in Figs.2a, and 3. At lower temperatures the bed with initial length 12 cm will maintain 
outlet concentration C>0.95C0 for 2h over the whole velocity range (up to 0.4m/s), as can be seen from Fig.2a 
(data for 60°C). For higher temperatures (see data for 100°C in Fig.2a) this will be valid only for gas velocities 
under 0.05m/s). In this case the bed shrinking after 2h is about 20%. Longer time of steady operation can be 
achieved by lowering the gas velocity. Illustration is given in Fig.3, where exit concentration and bed length 
evolution are shown for gas flow velocity 0.012m/s. Due to the slower bed shrinking little impact on the rate 
parameters is observed and the bed maintains constant exit concentration of the precursor, equal to the 
saturation one for a given temperature. Lower concentrations if needed can be precisely obtained by decreasing 
the volumetric flow rate in the sublimation column at a compensating increase of that through line 1 (see Fig.1), 
i.e. at a constant gas velocity in the reactor.  
− To increase step-by-step in time the bed temperature; 
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Fig.4 demonstrates that applying temperature increments of 1°C in the sublimation column, which is usually in 
a jacket with circulating liquid supplied from thermostat, one can realize a sufficient steadiness while without 
such correction after two hours the concentration will be considerably lower and the experimental result will be 
doubtful. 
− To increase step-by-step in time the carrier gas velocity in the column on the account of its stream 
bypassing the column.  
The effect of this approach is seen from Fig.5a,b. Velocity increments of 2 mm/s are sufficient to maintain a 
constant mass velocity and if compensating decreases are applied to the gas stream in line 1 (Fig.1), the reactor 
hydrodynamics will not be affected. 
 
0,9
0,92
0,94
0,96
0,98
1
0 200 400 600
time, min
L/
L 0
, 
 C
/C
0
L/Lo
C/Co
 
0
0,04
0,08
0,12
0,16
0 30 60 90 120
time, min
co
n
ce
n
tr
at
io
n
,
 
kg
/m
3
Co, T=const
  Co, T var.
outlet, T=const
outlet, T var.
 
Fig.3. Time evolution of bed length and exit concentration from the 
precursor column. 
Fig.4  Time evolution of the precursor concentration with/without 
temperature correction  
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Fig. 5a Velocity variation with time, assuring a constant precursor 
outlet mass velocity 
Fig. 5b Time evolution of precursor mass carried out at variable 
inert gas velocity 
3.2 APPROACHES IN THE CASE OF MULTICOMPONENT LAYER DEPOSITION  
Multicomponent layer could be deposited in various ways: 
- using a precursor that contains the same components (single source precursor); 
- using a precursor for each one respective component of the coating. 
In the first case if the source is solid and has a sufficient vapor pressure at moderately elevated temperatures, 
it can be used as a packed bed of particles in a column and the problem how to avoid unsteadiness can be 
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solved by one of the discussed ways. Unfortunately the component ratio in the coating can not differ very much 
from that in the source. 
In the second case the respective powdered solid sources (for example some of the carbonyls listed in Table 1) 
may be preliminary mixed in some weight ratio and then introduced in a column, poured consecutively in one 
column or put in separated columns. It is hardly to believe that the initial precursors weight ratio applying the 
first two approaches will remain the same and will provide gas mixture with constant components concentration 
during a long lasting experiment. As it can be calculated from Table 1, the vapor pressure of the carbonyls at a 
given temperature is different. Several characteristics which appear in the model (molecular mass, solid phase 
density, diffusion coefficient, etc.) are also different. Consequently the rates of sublimation will be different and 
in the limiting case one solid source may be completely exhausted, while a bed is still present in the column. 
The model could be applied consecutively for each one of the poured beds but an exact compensation can 
not be obtained because the increase of temperature or gas velocity will affect the concentration of each 
component with similar trends. If all bed heights are chosen as to obtain saturation of the carrier gas up to the 
deposition end, the concentration will be kept constant but the precursors ratio can be altered in the limits of 
component partial pressure changes with the temperature only. The equations given in Table 1 allow to 
calculate these limits. 
The best approach although resulting in a more complicated experimental setup is to use separated packed 
beds of each component. In this case all the concentrations can be maintained constant and the ratio can be 
varied in wide limits altering the volumetric flow rate of the carrier gas in the respective column in a way 
preliminary predicted by the model. 
4. Conclusions 
The numerical experiments, realized by the proposed model, show that the CVD process with a precursor 
sublimated from packed bed of solid source will be concentration unsteady if the sublimation column is not 
carefully designed and the mass transfer in the column − properly controlled. The concentration in the gas 
phase leaving the sublimation packed bed column decreases with time, together with the height of the solid 
source bed. The degree of unsteadiness depends very essentially on the volumetric flow rate of the carrier gas, 
its temperature and process duration. The model allows to calculate corrections of the sublimation conditions, 
which can compensate for the exhaustion of the solid source bed. The most suitable to this aim seems to be the 
increase of the sublimation temperature during the process according to a preliminary calculated time profile. In 
the case of multicomponent coatings the correct and flexible approach is to use sublimation column for each 
component. It will allow to keep constant concentration of each component as well as to alter the component 
ratio in wide limits. 
 
Nomenclature 
C0 saturation (equilibrium) concentration on solid surface  
C  gas phase concentration in the column  
DAB molecular diffusion coefficient for a binary system  
Dax axial dispersion coefficient  
k Boltzmann constant 
kf  mass transfer coefficient 
L bed length 
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M  mass of the pellet 
MA,B  molecular mass of the precursor (A) and the carrier gas (B) 
P partial pressure 
pt total pressure 
pB partial pressure of the carrier gas 
Pe Peclet number 
R gas constant 
R particle radius 
Re Reynolds number 
Sc Schmidt number 
Sh Sherwood number 
t time 
T temperature 
z axial coordinate 
V superficial gas volocity 
Greek letters 
ε bed voidage 
μ viscosity 
ρ gas density 
ρs solid phase density 
ȍD collision integral 
ı, resp. İ  Lennard-Jones parameters  
Subscript 
A precursor 
B carrier gas 
AB gas mixture 
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